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givon vén Sesults asre shown SCpar.feln
of the 39 test days with pe firing, S.7. was in the vange of €0 to 40 pet.
The minimum v.olue was 48 pet, and the raxinum was 100 pct ome of the vea-

sons for these variations will be discuszsed later.
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With cvclone firing, S.E. was in the 80- to 100-pct range for 4 days and
in the 70- to €0-put vange for 1 day. One would cxpect Jess rets :tion of the
CUlfll with the ash in a cyvclone furnace because of the smaller percentage of
agh at is carried through the boiler zs fly ash. That portion of the ash

that is melted into slag contains very little sulfur.

t, S.E.

Two test days were on a spreader-stoker-fired plant. In on st,
d ese tests

e
was 29 pct, snd in the other, 42 pct. The lignites burned during
were very low in sulfur, 0.59 znd 0.56 pot on a dry basis, &nd the ash had
high =odium mide contents of 10.9 and §.6 pct. These faciors combined to
produce the very low cmnission rates, which cannot be assumcd to be tvpical for
spreader-stoker-firing. The grate ash from a spreader-stoker unit should not
retain much sulfnr and the percentage cof =zsh carried ovaer is less than for
pr fiving, so le-s cul’ur retention would be expected.

Prediction of S0, Emissions

The vet.nticn of sulfur in lignite fly ash is due to the presence of
alkali constitucnts such as calcium, mag ‘c91um, sodium, and potassium in resc-
tive form. Calcium and sodium sulfates have been identified in significant
concentrations in lignite fly ash by N-ray diffraction. Water-solubility
stoichicmetric data suggests all scoluble sedium and potzssina in the fly ashes
ire PstPDt as sulfates, but only a portiun of the soluble calcium is as sul-
fate. The water solvbility of magnesium in the fly ash is highly pH sensitive
and sulfate in sclution does not increase as magnesium dissolution increases
with lowered pH, suggesting there is little MgSO, in a typicz! lignite fly ash.
Since potassium is generally present in lignites in very small amounts, the
alkalis most responsible for 80 retention in lignite {ly ash are calcium and
sodium.

Not all caleium and sodium is availsble for reaction with SO0.. FElectron
microprobe analyses of individual fly ash particles have indicated a signifi-
cant Cal" and Na;0 content in most glassy silicate and aluwinum silicate par-
ticles appearing in lignite fly ash. These particles result from intimate
contact of very fine silica and clay with crganically bcund calcium and sodium
in burning cosl particles. This type of perticle accounts for the significant
fraction of calcium and sodium, which remzins insoluble jin water, even in solu-
tions having low pH. Tt is believed that the alkali appearing in these insol-
uble glassy pacticles is not reactive towards SO;. Thus s=ilica and clay
inhevent in the ash could be ewpected to reduce the fraction of the ash that
is zotive in SOz pickup.
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Field test data from pe-fired units wvere examined using statistical
regression to determine whether correlaticns existed between ash composition,




sulfur content, and the percent sulfur rrnitted as 30,. The bivariate relalion-
ships between individual constituents sodium, calcium silicon, alumiwum, total
ash, and sulfur contents in the lignite, eand porcent sulfur emitted as S0 are

shown in figure 58. The most cleavly discernible trends ave the increaszd

percent emitted with increased concentrations of SiC, and Al;0. ia the coal on

a drv basis. Increased sodium and calcium decrease the percent sulfur emitted;

howebar, the corrzlations are very poor, esp=cially for calcium. No correla-
1

tion between initial sulfur content and percent emitted is evident. A s;ight
incrzase in parcent of sulfur emitted with increased ash content is indicared,

perhaps relatable to increased silica and clay contents in high-as!

U

Multiple linear regression was employed with more success using the basic

model of the form .
. R | X ) WY o . ,
S.E. = C. (Llement A)" X (Element B)” = C. (Element C)' X (Element Dk (4)
where Elements A, B, C, D, --- weve Sily, Aly05, Fop0y, €20, MzO, Noz0, and S
tested ia a muTtlplchtv of combinations. Components were exnvessed as por-
cent of moisture-free lignite. Exponents W, X, Y. 7, --- rang=d from -2 to -2

and ware tested ia a multiplicity of combinations.

The most useful correlation developed ifov the pc-fired test data combinad good
predictability and simplicity:
Cad Na, 0 ;
S.E. = -12.7 2 4900 M%Y 1001,
Aly 0, SiQ,
and and R® = 0.711. (5)

A plot of actual versus predicted pervcéent enission is shown in figurs 59.

2 . i3 ' . ’ » .
The R® indicates 71 pct of the variance in the data is explained by the

corvelation, a significant improvament over individual predictors. An R° of
100 pct would indicate perfzct agrecment between the data and the equation,

The effect of each variable on S.E. can be illustrated by considering the
change in S.E. with a l-pct incrzase in each ash component on a dry coal basis.
This would be roughly equivalent to a 10-pct increase on a perceut-of-ashn
basis. A l-pct increase in Naz0 (dry coal basis) or a 10-pct increase in the
ash would cause a decrease2 of 20 pct in S.E. A l-pct increase i Cad would
cause a 10-pct decrease in S.E., a l-pct increasz in Si0, would c.una2 a 6-pct
increass in S.E., and a l-p v increase in Alz0; would cause a 10-pct iucrease

in S.E. It should be noted that iv other re egression relations developod, the
effect of sodium relative to calcium may be increasaed to a 3:1 ratic. The
genevally gieator effect of sodium refiscts o highar reactivity toward SO,
Tho prediztion ferwula e afive | cagitatively fhat a'%slis av. 1 a
sible for 30, v -muwval, Ciiese Dolats would pena cala b Teig
up alkatlis, i robin 3t . orn Codopencon prelevent b
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R el ™ v with clay, butr Na 0 would
Pign: Lignite Year react movs readily with sil-
& - Hoot Lake  Beulgh 1985, 1956 ica as mechanism for decreas-
. ¥ [ ! 7 . 1 . N . L
lop b © “HoetLake Beuiah 1970 o 4 ing alkali reactivity.
e O - Hoo! Loke Gascoyne 1370 8]
A - Leland Glds Gleahersld 1970,1871 ‘
na Iy ode
$ - wWm J Hest 1971 o The fact that th2 model
& - Hoot Loke 1972 <; suggests that S.E. is not a
-t
z sor No"ei 1372 Hao! sulls w2re not & 0 + function Of sulfur 19.]51
2 us2d in devaianing ion for=te = deserves additional discus-
v . - .
s g sion. Sulfur was considered
“ogo b 4 in all possibla combinations
g . [ .
3 ° in the model, but did not
¢ 2 .
3 increase R° more than a triv-
& < . . - .
,0 ial awmount. In the equation
_ - e " - .
g 70 O for S.E., co2l sulfur is a
e // -
5 o & . S
< g divisor \Fu:c is,
<
g° N ppm S0z emitted
° p. o D2 L2 TR
e S in coal )
If both sidas of egquation 5
sa27 220 _ 4 %8220 40 C o1
*-127 5 1570, - are multiplied by percent S
= 0.7 in dry coal, the apparent
dilemma is resolvaed. Then
1 i, . J S.E. becoinz absolute sulfur
70 82 90 100 emitted, ew.rossed as a

PREDICTED SULFUR EMISSION

FIGURE 59, - Predicted versus actual sulfur emission

(S.E.) for pc-fired plants,

function of the product of
the alkali clay silica ratio
with sul.un. It can then

be secu that the model
suggzests salfur retention

is relatable to a firstforder atkali sulfur reaction scheme.

In figure 59,
These are data for
the plot were used
from the Hoot Lake
regression.

Effect of Sodium on SOz Emissions

Sodium has been shown to have the great-st effect on sulfur emitted from
In tests at the Heoot Leke plant in 1972, low- and

high-sodium lignites from one mine ware tosted for succeeding wee
sodium content was the ounly substantia® variable iv the tests (se
table 7), and any variation can be attvibuted to chunged sodium ¢

lignite-fired boilers.

The results from 3 test days on each ceoal is shown in figure 60. The parts

per million SO, docreasad from about 830 pp to about 590 ppi when tha sadivn

was increazad from 0.9 to 6.1 pon. A disadvanzaze of tha hizh solins coniend ‘
is, of course, aw ivoreasad ash fouling e b

on
<t

girelly included in the

S

some data not included in the regrassion ace plotted.
1972 Hoot Lake, Beulah 1li
to develop the relationship.
tests as well as those ori

ite tests. All othev points on

The corcelation explains data

ks.

¢ anialysis in
oncentration.

The
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; A A S B B R Effects of Zoilor tecd
e i ] on SO, ‘micsi s
v w0 b <
SRl 1
; 5 80 b - 1 Sulfur balance stud%es
Y - = - conducted on plants burning
A c////// - G.rwan brown ccals have
.3 ] ] shown that the percent of
L& eof B ) NP .
. © : . ] gulfur retained in the ash
’ 20 Lot '~~~¢--uimm~~<£ﬁ:”iw::::::>o~m4 is greatly influenced by
hoiler lead and g&as resi-
e 570 T ‘ R dence time.®® lMost tests
& 2 oo L P } 1 reported in this study wcre
53 - O { 2t 85 to 110 pct of rated
z g 70 F - loed as shown in table 7.
&R i 1 The one sxeeptiom is at the
2% e F m\“““a}_‘“\*o ] Leland Olds plent where lcad
9: 3 ang Lo RS VRN VRSN NPT WSROI SR was reduced to 55 pct for
2 rest days.  The results
e S T T T T show no significent change
: FO. Bty ey in SO, e¢mission when com-
3 - pared with the higher load
- ¢ Fu cdir e s e o tests.
v s A T T Svlfur Retention in Various
g G O~y O 0 Ash Fractions
32
78 O F s R : dos During most of the
5/13 2/14 ¢/15 $/18 S/19 9720 {ield tests, Samples of a=h
CATE OF TEST were collected from various
stia 3 iler fo
FIGURE 40, - Effect of sodium content in lignite on 505 32;;;;;;56;2 E:fs?S;iciniqi—
enﬂssions,Hoot‘Hcketesis,1972. ses. Resnltsxo% clemical

snalysis of selected ashes
from the verious boilers are shown in table 8. Fly ash ssmples from both the
Lelend 01ds and Hoot Lake plants were collected during special tests in which
a .ilot electrostatic precipitator was operating on a side stream of flue geas.
In both cases, the electrostatic precipitator dust is considerably enriched in
S0, as compsred with the cyclone dust collector sample. In tests conducted at
the Heot Lake plant in 1965-66, four sodium levels in the lignite were studjed,
and fly azh camples aspirated from the flue gas shead of the air he~ter in
c¢h case. The S0, contents of aspirated ash rsnged from 6.8 pet with the
west sedium lignite to 28.3 pet with the highest sodium lignite. During the
igh-sodium tests, conciderable zsh was being retained in the furnace because
of boiler fuouling.

T et (T
O ©

h, P. Schwefelbilenzuntersuchungen an Brauniohlenkessclanlagen,
{ wtigations of Sulfur Bslance at Lignite-Fired Boiler Plants.)
Ty a0t o \d .
Eraust shle, v. 17, No. 9, Scptember 1965, pp. 264-371.
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sh samples from
ed boilers

Hoot Lak= plant, 8/12/70: 7 - h
Mechanical dust collector................. 28.8 9.1 L2 4605
Pilot electrostatic precipitatoc.......... 26.4 8.9 5.3 8.7

Lelaxd 01ds plant, 8/28/70:
Mechanical dust collector................. 19.9 6.

2R w]
~N oy
O
N
w

Hoot Lak: plant, 19565-1965: Samples aspi-
rated from boilev exist dust:

Test Lo e 2.9 110.3 2.3 6.8

TRSE 2ttt 28.5 8.6 7.2 1 11.¢

Test B e e 26.2 9.1 9.4 1 14.1
o Test e e e e .. 1201 9.3716.3128.3
e L CYCLONE - IRED PLAN] . B
Milton R. Young plant, 1970:

Mechanical dust collector................. 32.4 8.8 LA 3.9

Aspirated from gas fo dust collector...... 31.5 8.4 1.4 6.7
_ Bottom slag.. 9.5 3.2

e SPREA
Franklin P. Wood plant, 19/1:

Machanical dust collector................. 23.5 5.4 111.8 2.9
Aspirated from dust collector exi® gas.... 3.8 .9 130.5{38.0
Grate ash............ e e ... 1 19.3 1 4.81 8.81 1.0

The results for the cyclone-fired plant again show that the aspirated fly
ash from the fucrnace exit contained considerably more SO, thau the {1y as!
caught in the mechanical dust collsctor. lhe bottom slag had only 0.7 pct
S0, .

Tests conducted on a spreader-stoker-fired boiler during operation on
high-sodium lignite showed that the dust cc’lecto- ash had 2.9 pct SO, but
that the aspirated dust at the dust cellectur outlat had 38.0 pet S0, and
30.> pct Nay0. The grate ash had 1.0 pect So;.

To surmmarize these data, the results show wide variation in tho amount of
sulfur retained with the ash, depending upon alkali cont.ot and temproratusre
history of the ash. The fine fly ash fractious are most eariche! in SO,; how-
evor, without ash balance data one cannot deileymi the guantity of input sul-
fur retained in the various fractions. Botton slag from a cyclone and grate
ash from a spreadar-stoker retain lirtle sul or.

WML - vy e




Tignre 61 :he the recults of X0, dererwinations at the verizus pl R
The gaily avercges : have been adjusted to 30 pet cxcess air for compeia-
tive purposes. The ?rxpls for the pc-fired plénts vanged from about 300 to
520 ppm. For the cyclene-fired plant, the levels ranged from 570 to 590 ppnm,
significantly higher, &s would be expected from the higher combustion tempera-
tures employed. The value of 230 ppm for the sprecsder-stoker plant is sur-

prisingly low. These vzlues can be compared with a limit of 0.7 1u/MBtu

(2bcut 550 ppm) for bitumino.s coal-fired boilers as specified by the national
emiscion standards. At the resent time, lignite-fired boilers are specifi-
cally evempted from an X0y 17mit in the national emissions st ndards.
Fly Ash Size Distribution

o the meost iuvportant factors affecting design of fly ash coentrel
~quipment are the fly zsh loading and particle size distributicun in the flue
cas exiting from the boiler. Deterwination of dust loading was not a major
part of these studies, but size distribution was determined on fly ash samples
sgpivated {rem boiler exit ducts during some of the tcsts. Figuve €2 shows
the Bahco cize analysis of fly ash taken from the boiler exit flue ;as at a
lone-fired, and Sple;der’chmkl—f v-d boiler. The spro-der-
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se-fired, cye s
stoker fly ash was cc rsest, having a mass medisn diameter of £4 um with
QO oo - emr o s vz 2 o s emn e et < sors e o s e e i e PURTR.
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FIGURE 61. - NO, emissions from vorious lig-.i*c-fired ploni=, (Boiler loods ranged from
92 to 106 pct of rated capucity.)
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The mass median size for the cyclone-fired boiler was 18.5 um with 33 pct
below 10 um and for the pc-fired boiler tne mass median size was 7.8 ym with
54 pct below 10 um. It should be noted that the cyclone-fired boiler was
burning a very low sodium coal during these tests, and it is possible that
increased volatilization might increase tine fins fraction if high alkali 1lig-

nites were usad.
Electrical Resistivicy of Fly Ash

An important factor affecting the electrostatic precipitation of fly ash
is the electrical resistivity of the ash. A series of laboratory resistivity
tests was run on the fly ash from a nimber of low-sulfur western coals with
the basic data presented praviously.®” A computer study indicated that the

‘ratio (Ca0 + Mg0)/(Napy0 + SO,) in the fly ash was ihe best indicator of resis-
tivity for those samples, with resistivity varying directly as the ratio.

In more recent work, the emphasis has been on in situ field resistivity
determinations. The effect of sedivm in the fly ash is addittionally demon-
strated by data from the 1972 Hoot Lake tests, shown in figurs 63. ‘The low-
sodium ash showed a significantly higher (100 X at 3507 F) r.:istivi'y than
did the high-sodium ash for both the laboratory and in situ results. The
results also confirm the applicability of the ratio described previously, as
the higher resistivity fly ash shows the higher value for (Ca0 + Mg0O)/

(Na 0 = SOz). The values dotermined are within the van;: for satisfacvory
precipitator operation despite the low sulfur content of the lignite burnad.
Thi: is confirmed by the satisfactory perforwance of the electrustatic precip-
itator (ESP) units on the Hoot Lake plant since their startup in the spring of
1972,

Surmary and Conclusions

For the past few years, the Bureau of Mines has collacted data on stack
emissions from various lignite-fired powerplants. Included wei 2 tests on
pc-fired, cyclone-fired, and spreader-stoxer-fired bollevs opervating on lig-
nites. Most emphasis was on the study of SO, emissions and how thay relate to
input sulfur level, firing method, ash analysis, and other facturs. Limited
data was collected on NO_ emissicos from the various plants. Chewmical and
physical properties of fly ash as a function of fi:ing method were determincd,
and electrical resistivity studies of the fly ashes were mads. A mothod is
given for calculating SO, ard NO, emission levels and percent of inpat sulfur

emitted as S0, without knowivng the wiights of coal burned ov flue gas pro ccd.

The principal conclusions are the following:
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a are available to definitely establish a difference
g methods ere

guate ccal sampling

cat
firivn
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The percentage of sulfur retention in ash was not closely reproduci-
on is prebably a result of varichbility in the
~f ad
ent of the

-
¢duced the SO, in

Lot
the res
3. Imsufficient
in rulfur retenticn bety
ticns that the retention is less with cyclone
4. &g
ble, and some of the variati
input sulfur. Results show the extreme importance
if the sulfur balaznce data is te be meaningful.
5. The S0 emission is strongly influenced by tiie sodium co
coal Increacing the sodium from 0.9 to 6.1 pct in the =ash
the conbustion gases from 800 to 5%0 pp
6. Sulfur retention in the ash can be predicted from the chemical compo-
sition of the ¢sh with some degree of coniidunce. The computer-derived rela-
tioship ghews that increasing Cal snd Ne O incresses sulfur retention, and
clay d silica in the ash tend to decrease sulfur retentiom.
Boiler load does not greatly influence SO, emissions on the basis of
i of a pec-fired unit
ions are greater for cyclone-fired than for pec-fired units.
let when burning low-
ests, increas-
«t reduced resist V1Ly by a

limited testing

8. W0, emiss

correlation developed in laboratory ¢t
0.9 to 6.1 p
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7.
he fly ash particle size at the boiler o
sodium-content lignite is greater using cyclone firing than for pc firing

9.
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As predictoed by
ing the sodium ceontent of the ash from

10.
factor of 100 in field tests






